Abstract Present communication deals with secondary structure of 28S rDNA of two already known species of monogeneans viz., Bifurcohaptor indicus and Thaparocleidus parvulus parasitizing gill filaments of a freshwater fish, Mystus vittatus for phylogenetic inference. Secondary structure data are best used as accessory taxonomic characters as their phylogenetic resolving power and confidence in validity. Secondary structure of the 28S rDNA transcript could provide information for identifying homologous nucleotide characters, useful for cladistic inference of relationships. Such structure data could be used as taxonomic character. The study supports that species-level sequence variability renders 28S sequence as a unique window for examining the behavior of fast evolving, non-coding DNA sequences. Apart from this it also confirms that molecular similarity present in various species could be host-induced.
Introduction
The novel approach of molecular morphometrics that relies both on traditional morphological comparison and on molecular sequence comparison by measuring the structural parameters of the 28S secondary structure homologies (geometrical features, bond energies, base composition etc.) is recently being used to study the phylogenetic relationships of various species (Billoud et al. 2000) . It is well known that rRNA is highly conserved throughout evolution; therefore, the secondary-structure elements of the RNA molecule, like the helices, loops, bulges, and separating single-stranded portions, can be considered phylogenetic characters (Zwieb et al. 1981; Schultz et al. 2005; Grajales et al. 2007 ). RNA secondary structures are particularly useful in systematics because they include characteristics, not found in the primary sequence, that give 'morphological' information. It is an established fact that rRNA structure is highly conserved throughout evolution, as most of the folding is functionally important despite primary sequence divergence (Caetano-Anolles 2002) . At the same time, the 28S offers sequence motifs that are useful for the development of monogenean DNA barcoding. This is a technique that uses short DNA sequences from a standardized region of the genome as a diagnostic ''biomarker'' for species and it is becoming must in species identification (Ebach and Holdrege 2005; Moritz and Cicero 2005; Savolainen et al. 2005; Summerbell et al. 2005) .
Phylogenetic relationships among groups and species have been studied intensively using the 28S rRNA sequences. However, none of these studies has considered structural components of the 28S rRNA molecule. Since the structural 28S database contains secondary structures, re-analysis of the phylogeny of monogenean of the genus Thaparocleidus and Bifurcohaptor using secondary structure information seems useful. The objectives of the current study is to validate monogenean parasites, Bifurcohaptor indicus (Jain 1958) and Thaparocleidus parvulus (Gussev 1976 ) Lim (1996 from gill filaments of Mystus vittatus and to construct phylogeny using rRNA secondary structures supplementing the primary sequence analysis. DNA amplification, sequencing and analysis rDNA region spanning the 28S region was amplified from the genomic DNA obtained from the B. indicus (Jain 1958) and T. parvulus (Gussev 1976 ) Lim (1996 monogeneans with the help of PCR using the universal primers, forward (5 0 -AC-CCGCTGAATTTAAGCAT-3 0 ) in combination with reverse primer (5 0 -CTCTTCAGAGTACTTTTCAAC-3 0 ). PCR amplification was performed following conditions: after an initial denaturation at 94°C for 3 min, 35 cycles of 94°C for 30 s (denaturation), 56°C for 45 s (annealing), 72°C for 10 min. Resultant PCR products were separated by electrophoresis through 1.5 % agarose gels in TBE buffer, stained with ethidium bromide, transilluminated under ultraviolet light. PCR products were purified using Chromous PCR clean up Kit (#PCR 10) and sequenced in both directions using PCR primers on an automated sequencer by DNA sequencing services of Chromous Biotech Ltd. DNA sequences were put to further analysis by using various Bioinformatics tools including similarity search BLAST (URL http://www.ncbi.nlm.nih.gov/ blast) for query DNA sequence.
Molecular phylogenetic analysis
Initially, the sequences were aligned using ClustalW multiple alignment (Thompson et al. 1994 ) with the default gap and extension penalties used by this program. Sequence alignment was analyzed in the MEGA 5 (Tamura et al. 2011 ) for construction of the phylogenetic trees using Neighbour joining, Maximum Parsimony and UPGMA methods. While reconstructing the NJ tree, correcting for transition bias, the Kimura-2-parameter model was used to estimate the distances. The trees from NJ, MP, UPGMA were drawn to scale, branch lengths calculated using the average pathway method and shown in the units of the number of changes over the whole sequence. Subsequently most-parsimonious tree was obtained using the close-neighbor-interchange algorithm. The robustness of the inferred phylogeny was assessed using a bootstrap procedure with 1,000 replications. Both the sequences were submitted in the gene bank under the accession numbers GU830881 and GU014844.
Motif identification 28S sequence motifs were identified from aligned sequences of B. indicus and T. parvulus data set using MEME software (Bailey and Elkan 1994) . In order to further evaluate the potential use of the 28S sequence motifs for species identification of B. indicus and T. parvulus, we directly tested the 28S motifs, using the BLAST algorithm against the non-redundant GenBank database of the National Center for Biotechnology Information (nr at NCBI). The BLAST analysis investigated motifs that showed either conserved or slightly degenerated sites obtained from the two monogenean species. The outputs were showing significantly high scores in terms of percent identity and low expect (E) values for both species.
Prediction of secondary structures
Secondary structures of 28S sequences of B. indicus and T. parvulus species were reconstructed by aligning their sequences. For structural modeling, reconstruction of secondary-structure models, thermodynamic criteria and covariation analyses have been applied. RNA secondary structure was determined using Sfold, based on statistical sample of Boltzmann ensemble for secondary structures (Ding and Lawrence 2003) . Subsequently, inferred structure was examined for stems, loops and bulges. RNA was folded at a fixed temperature of 37°C, and the structure chosen from different output files was the desired one with the highest negative free energy if various similar structures were obtained. Since, GC content is known to influence structural energy therefore; GC percentage was determined using GC calculator (http://www.genomicsplace.com/gc_calc.html). All non-DNA characters were striped before computing. Energy levels of presumptive secondary structure were then calculated with Mfold (Jaeger et al. 1989; Zuker et al. 1999 ). 28S sequences with secondary-structure format were aligned using the MARNA web server (Siebert and Backofen 2005) based on both the primary and secondary structures. As the default setting, base deletion was scored 2.0, base mismatch 1.0, arc removing 2.0, arc breaking 1.5, and mismatch 1.8 with ensemble of shaped structures.
Results

Construction of phylogenetic trees
28S nucleotide sequences of B. indicus (Jain 1958) and T. parvulus (Gussev 1976 ) Lim (1996 were compared with sequences of other monogenean species, available at Genbank. The fragments of amplified DNA were found to be 344 and 329 bp, respectively. 28S sequences in the BLAST hit results show that the query 28S sequences were most similar to the sequence of C. proximus (Gussev 1976) , that belonged to the same family. Phylogenetic analysis Fig. 2 Showing discover motifs. Each site is identified by the name of the sequence where it occurs and the position in the sequence where the site begins. The p value gives the probability of a random string having the same match score or higher. This is referred to as the position p value. a Motif, 1 b Motif 2, c Motif 3 Fig. 3 Combined block diagram of 3 motifs. Non-overlapping sites with a p value better than 0.0001. The height of the motif ''block'' is proportional to -log (p value), truncated at the height for a motif with a p value of 1e -10
. The occurrences of the motif in sequences are shown as coloured blocks on a line. The p value of an occurrence is the probability of a single random subsequence the length of the motif. When the DNA strand is specified '?', it means the motif appears from left to right on the sequence, and '-' means the motif appears from right to left on the complementary strand. (Color figure online) J Parasit Dis (Jan-June 2013) 37(1):74-83 77 using NJ, MP and UPGMA methods showed that the topology is similar among the trees obtained (Fig. 1a, b, c) . Evolutionary divergence between sequences was also estimated and the number of base substitutions per site from analysis between sequences is shown in Fig. 3 .
Identification of 28S motifs
Nucleotide sequences of B. indicus and T. parvulus were tested for motifs. In all 10 motifs were discovered by the software from the aligned sequences (Fig. 2a, b, c) . Total 3 best 28S motifs were tested by BLAST analysis against the generalized GenBank database at NCBI (Fig. 3) . Out of the 3 motifs, motif 1 ( bonds are represented as dots between the base pair ( Fig. 4a, b) . Mainly five types of loops are present in RNA secondary structure viz., interior, hairpin, exterior, multi and bulge (Fig. 5) . A single-stranded region, predicted by both the MFE structure and the ss-count has low probabilities on the probability profile (W = 4 bases, as described by Ding and Lawrence (2001) . The ss-count statistics gives the propensity of a base to be unpaired, as measured by the frequency with which it is unpaired in a group of the optimal and suboptimal foldings within a specified increment of the MFE. At nucleotide position i, the probability that nucleotide i, i ? 1, i ? 2, i ? 3 (i.e. fragment width W = 4) are all single stranded is plotted against I which gave a 3D energy landscape plot of the sampled ensemble and representative structures. 3D energy landscape plot for B. indicus is shown (Fig. 6a) . The optimal number of clusters determined by software is two. Structures belonging to the clusters are marked as solid dots of two different colors i.e. light blue and purple. The MFE structure and the ensemble centroid are both in the largest cluster (light blue color), with a probability of 0.506. The coordinates for a structure are (MDS axis 1, MDS axis 2, free energy), where the horizontal axis are from multi-dimensional scaling (MDS) and the vertical axis is the free energy of a secondary structure. The coordinates are for the MFE structure (-52.77, -4.97, -109.80), for ensemble centroid (3.96, 0.99, -67.80), for the centroid of cluster 1 (29.24, -2.05, -87.20) and for centroid of cluster 2 (-36.99, -6.25, -94.40).
3D energy landscape plot of T. parvulus is shown (Fig. 6b) . In this structure, the optimal number of clusters determined by software is 2. Structures belonging to the clusters are marked as solid dots of two different colors. The MFE structure and the ensemble centroid are both in the largest cluster (light blue color), with a probability of 0.875. The coordinates for a structure are (MDS axis 1, MDS axis 2, free energy), where the horizontal axis are from MDS and the vertical axis is the free energy of a secondary structure. The coordinates are for the MFE structure (-8.16 , -2.74, -116.60), for ensemble centroid (-4.23, -1.91, -110.80), for the centroid of cluster 1 (-4.23, -1.91, -110.80 ) and for centroid of cluster 2 (58.41, -3.13, -104.00).
Clusters are sorted in descending order of cluster size. Cluster containing the MFE structure is marked using a red asterisk. Size of a cluster is the sampling estimate for the probability of the cluster i.e. the sample frequency of the cluster. MFE structure is excluded from the calculation of cluster sizes, and the sizes of all clusters sum to one.
Multi-dimensional scaling plot of the samples ensemble and representative structures MDS is a technique for representing high-dimensional objects in typically 2D (Kruskal and Wish 1977) . Base pair distances are used as an input to MDS. Members of all other clusters are plotted as small circles.
In the present work, we applied a more objective approach for reconstruction of optimal alignment using secondary-structure informations of B. indicus and T. parvulus 28S sequence. Manual construction of alignment is a complex and time consuming procedure, whereas application of the MARNA program generated a reliable alignment and represented a powerful tool (Fig. 7) . It showed alignment of B. indicus and T. parvulus which evaluated both the sequence and structural similarity. The alignment optionally satisfies given constraints and allows unaligned fragments at the end of both sequences without penalty. The alignment is shown together in the form of the predicted structure (Fig. 8) . The saturation decreases with the number of incompatible base pairs, thus, it indicates the structural conservation of the base pair.
Discussion
Molecular taxonomists are generally overwhelmed by complexity of smothering sequence information owing to their number and sibling status of species. Dearth of reliable molecular markers has led to an unquenched search to find new ones and utilizing the existing knowledge at different levels to unveil new patterns and phylogenetic inferences. Species identification and evolutionary inference generally use molecular and phylogenetic approaches on the 28S as target genomic loci as also reported by Chisholm et al. (2001) ; Olson et al. (2003) ; Lee et al. (2007) . Differentiating between two species is not possible on the basis of morphological, pathological or immunological findings only as it often lead to taxonomic confusions. In phylogenetic studies involving secondary structure analysis as a tool, RNA folding is used for refining the alignment. Structural energy seems to be the most important factor influencing the structural stability. The measurable structural parameters of the molecule are directly used as specific characters to construct a phylogenetic tree. These structures are inferred from the sequence of the nucleotides, often using energy minimization (Zuker 1994) . The secondary structure with the lowest possible free energy value, the MFE structure is predicted and found to be the most stable secondary structure for the strand. 28S RNA structures from B. indicus and T. parvulus, the highest negative free energy is -108.50 and -116.00 kcal, respectively. This convergence at secondary structural level may be due to the evolutionary pressure on 28S to maintain the RNA secondary structure involved in post-transcriptional processing of rRNA as also reported by other workers like Lalev and Nazar (1999), Shinohara et al. (1999) . Critical changes in the rRNA folding pattern are brought about by sequence evolution in the 28S region. This have an important influence on the kinetics of precursor rRNA formation and ultimately on the efficient functioning of the rDNA cluster. Therefore, homologous recognizable characters on the secondary structures can be easily traced out, contrary to finding right counterpart for each nucleotide in every other sequence. Moreover, predicted secondary structures of RNA, constructed from 28S sequences from B. indicus and T. parvulus, provided additional information for correct identification of the species. The secondary structure analysis of the same data also confirmed the results mentioned for primary sequence analysis as similar findings have also been reported by workers like Bachellerie and Michot (1989) ; Billoud et al. (2000) . Representative structures, including the MFE structure, ensemble centroid and centroids of all colored clusters, are drawn as large dots in the graph. The units on the axes of the MDS plot only serve the purpose of indicating the relative positions of the objects (Chan et al. 2005) . Therefore, structural model-based analyses of DNA sequence data have become increasingly important for phylogenetic inference. In the present study, we propose that B. indicus and T. parvulus, collected from same host have some minor molecular biological similarity that might be due to the following reasons: these two species are belonging to same family, as these two morphological types are exclusively and respectively found on same hosts.
Motif discovery can be viewed as a 'needle in a haystack' problem. The motif discovery algorithm is looking for a set of similar short sequences (the needle) in a set of much longer sequences (the haystack). The problem is easier when the motif instances are long and very similar to each other. It gets much harder when the motif instances are short and/or degenerate, or the input sequences are very long. Discovering motifs in a set of DNA sequences is a difficult task owing to the tendency of binding sites to be short and degenerate and owing to the fact that promoter regions are often difficult to identify precisely. The problem tends to be worse in eukaryotes than in prokaryotes and yeast because eukaryotic transcription factor binding sites tend to be shorter and more variable (Tompa et al. 2005) . A motif was considered highly specific to a monogenean species if it matched most or all the 28S sequences of this class but no other 28S of any other class species. Motif 1 is found to be highly conserved and showed 100 % nucleotide similarity with hundred species of monogeneans. RNA secondary structure is crucial structure but determination of the correct structure and folding pattern of 28S is cumbersome. It is practically unfeasible to calculate the effect of parameters influencing the structural energy of the RNA structure by conventional experimental approaches. With exponential increase in sequences complexities in deriving interpretation and inferences from the accumulated data pose an infinite challenge. Different RNA folding algorithms also take into account the structural energy as the major determinant in furnishing RNA secondary structure models and conformation. Application of the secondary structure model of rRNA to phylogenetic analyses leads to trees with resolved relationships among clades and eliminates some artifactual support for misinterpreted relationships. The highly resolved topology in the phylogenetic tree suggests that a deep phylogenetic signal has been retained in the 28S sequences of existing species. Use of incorporating secondary-structure information, allows improved estimates of phylogeny and relationships among species. Besides phylogenetic and functional implications, the present results also enhance the value of 28S as a paradigm for DNA sequence analysis. The present analysis demonstrates that 28S also exhibits conserved sequence patterns, diagnostic in the form of motif. Moreover, species-level sequence variability renders 28S as a unique window for examining the behavior of fast evolving, non-coding DNA sequence. This molecular similarity could be host-induced.
Conclusion
Molecular study of the 28S sequences is a promising tool for monogenean species identification. RNA secondary secondary analysis could also be a valuable tool for distinguishing species because 28S secondary structure contains more information than the usual primary sequence alignment. During the study an attempt has also been make to find 28S motifs (B50 bp in size) and its application as a tool for species identification. This approach can be further finetuned in resolving ambiguities using differences at the RNA structural level for identification of species complexes.
